Breast cancer has been listed as the second most common malignancy that leads to death in older women and has increased incidence with age. 1 Kantor and Houldin 2 noted that primary tumors detected in older women are usually less aggressive, but due to the delay in diagnosis, tumors tend to be at an advanced stage of malignancy on presentation and need more aggressive intervention. A recent study investigated this hypothesis and found that in a population of 12,000 older women (≥ 75 years of age), the primary tumors were larger and more advanced than cancers detected in women between the ages of 69 and 74. 3 Because older women tend to be diagnosed with larger, more advanced primary tumors, it becomes important to provide a noninvasive method to assess the extent of their disease.
Mammography, magnetic resonance imaging (MRI), and sonography are the imaging modalities that are currently used to provide breast cancer screening information. Although these modalities are used to suggest a diagnosis, imaging thus far has played a limited role in staging the extent of breast cancer metastasis.
The Role of Axillary Lymph Nodes in Metastasis
Lymphatic fluid originates in the interstitial spaces between cells. Lymphatic fluid carries with it debris from cellular activity such as bacteria, cells, and solid particles. 4 This flow of lymphatic fluid leaves the cellular interstitial spaces and is taken up by blind capillaries that are anchored within the tissue banks by tiny filaments. These blind capillaries have hinged flaps that open and close to trap lymphatic fluid and the debris it contains. The blind capillary funnels the fluid unidirectionally to a collector vessel containing a semilunar valve that allows no backflow. 4 Rhythmically, the fluid is propelled from the collector vessel to the afferent vessels that are attached to the capsule of the lymph node (see Fig. 1 ). The lymphatic fluid percolates through the first node and then exits from the efferent vessels in the hilum of the node toward the next node. This process of channeling lymphatic fluid and debris through nodes is a primary mechanism for bacteria to be neutralized as well as for metastatic cells to be trapped from a primary tumor. Carcinoma of the breast usually arises in the upper outer quadrant and spreads through this system of lymphatic exchange in the axillary lymph nodes. 5 The axillary lymph node involvement associated with a breast cancer is the most important predictor of overall survival. 6 
Breast Cancer Angiogenesis
Angiogenesis is a complex process by which new blood cells are formed from preexisting vascular networks within the tissue. 7 It is theorized that debris from the host breast tumor breaks away and is carried as debris into the lymphatic fluid. This tumor debris is believed to contain proangiogenic proteins such as VEGF, bFGF, interleukin-8, transforming growth factor-B, PDGF, and others. 7 These angiogenic proteins become trapped in the blind capillaries situated in breast tissue and are carried to the axillary lymph nodes. Once in the node, they influence growth of neovascularization, and tumor cells are seeded into the lymph node itself. Tumor lymphangiogenesis has been associated with lymph node metastasis. 7
Current Diagnostic Methods for Assessing Metastasis to the Lymph Nodes
Because axillary lymph node metastasis is such an important prognostic factor in determining the stage of disease, alternative methods have been developed to try to reduce the number of axillary dissections performed. One of the most popular methods used is sentinel lymph node dissection (SNLD), which was developed to provide information about the extent to which lymph nodes may harbor metastatic disease. 8 One pitfall to this technique is that physicians with minimal experience using SNLD are encouraged to also conduct axillary dissection. 9 It has been recommended that with breast cancer, six nodes should be provided for histological examination. This guideline places axillary lymph node dissection as the gold standard for the assessment of regional metastases. 9 A less invasive method for staging is needed to provide a reliable and accurate diagnosis for women who are suspected of having breast cancer.
Based on the statistics and what is known about breast cancer, sonography of the axillary lymph nodes holds the promise of providing staging information on women with breast cancer metastases. Because these proangiogenic proteins travel in the lymphatic fluid rhythmically, Lanfranchi 10 states that color, spectral, and power Doppler have the advantages of sensitivity adequate to detect vessels up to 1 mm thick, as well as the ability to record low vascular flows in the breast and axilla. Using a low-pulse repetition frequency (PRF) has been suggested as a way to monitor the flow of lymph, the proliferation of tumor vessels, and the distortion of the node. 10 Ultrasound Doppler is one sonographic technique that holds promise as a choice for staging breast cancer and could be a more economical noninvasive technique than SNLD, lymphatic mapping, and lymph node dissection. The basis of ultrasound Doppler relates to the ability of a sonographic transducer to transmit a frequency of acoustic energy that is compared and subtracted from the reflected frequency from moving particles within blood vessels or lymphatic capillaries. 11 The frequency shifts of vascular and lymphatic flow can be displayed by the sonographic equipment either audibly, quantitatively, and/or qualitatively (color coded with and without respect to direction). Spectral Doppler (SD), color Doppler (CD), power Doppler (PD), and grayscale imaging (GS) have all been explored as noninvasive techniques for assessing axillary lymph node metastasis with different levels of success.
Literature Review
Noninvasive examination of the axillary lymph nodes as an alternative to axillary dissection has been a focus of a number of research projects. The use of transducers with a frequency of 7.5 MHz or higher is now the accepted practice for investigating the breast and axilla area to detect disease within the lymph nodes. 12 A few attempts were made in using GS or Doppler ultrasound (CD and SD) to evaluate the axilla of breast cancer patients prior to 1990. Unfortunately, the sonography systems that were used in these studies were most likely not comparable to today's state-of-the-art equipment. For this reason, this review is confined to research conducted within the past 15 years.
GRAY-SCALE SONOGRAPHIC EVALUATION
The focus of many research studies of the axillary lymph nodes has been to use GS measurements and qualitative assessment to predict metastatic involvement. Many of these research efforts have involved the use of GS alone to assess a group of clinical patients. 13, 14 This is in contrast with the published research that has been conducted using multiple techniques. As of 2006, two more studies were prospectively completed using GS to evaluate internal mammary, axillary, and supraclavicular lymph nodes. 15, 16 These studies report sensitivities and specificities on a small number of nodes; more important, the studies were mostly descriptive and not specific as to the age of the patients examined.
Stavros 17 has provided some clinical guidelines for evaluating axillary lymph nodes from his clinical work with breast sonography. He has found that lymph nodes in the axillary region vary in relative size, but most often, normal nodes are elliptical in shape. They are expected to have a hypoechoic cortex and a hyperechoic mediastinum. An example of a normal node is provided in Figure 2 . Aging changes have a marked effect on the morphology of lymph nodes. Stavros has noticed an increase in the fat stored in the mediastinum and a decrease in the thickness of the cortex along with scarring. 17 Stavros 17 has suggested that a rounded node is suspicious for metastatic activity as well as cortical thickening. He has also cautioned sonographers and sonologists to look for mediastinal displacement that results from cortical thickening, which pushes the central echo complex outward. 17 Many of these observations overlap with the changes that can occur due to inflammation and aging. This has made GS, as a singular technique for assessing lymph nodes, problematic.
COLOR DOPPLER SONOGRAPHIC EVALUATION
Research studies have been conducted with the intent to assess abnormal characteristics of nodes by identifying the number and location of afferent and efferent vessels using CD. These studies were conducted to resolve geometric and vascular anomalies, but they did incorporate comparison of results to the actual lymph node that was extracted at axillary dissection. Adding the comparison of the sonographic examination to the gross anatomy of the nodes allowed researchers to report sensitivity and specificity for each attempt to image the axillary region of the breast. 18, 19 The overall problems with these investigations were that they recruited patients during their clinical studies, which caused the number of patients and age groups to be widely varied. The age of the patients recruited for these studies was between 21 and 71 years, and the data did not provide specific results for any one age group. In addition, CD was used as a singular technique and not in conjunction with the other available techniques such as SD or GS. CD was used to demonstrate vascular anatomy, based on the appearance of vascular structures; it was determined whether CD could be used as a method for determining malignancy. Providing qualitative analysis of vascular anatomy and using that as a sole criterion for determining abnormal lymph nodes was not a convincing endeavor. Stavros 17 has also explored the use of CD for providing a qualitative assessment of suspicious lymph nodes. He has reported, in his patient cases, that using color Doppler has helped in assessing angiogenesis or the formation of multiple afferent vessels that feed metastatic deposits in the cortex of the lymph node. 17 Lanfranchi 10 also has suggested that CD should be used to evaluate lymph nodes. Figure 3 demonstrates the use of CD to visualize both the minute afferent vessels in the cortex as well as the larger efferent vessels in the hilum.
POWER DOPPLER SONOGRAPHIC EVALUATION
Power Doppler has not been widely used or reported in the literature, but this sonographic technique would allow for the qualitative assessment of lymph node vasculature without regard for direction of flow. At the beginning of the new century, Yang et al 20 revised their early work with axillary lymph nodes in breast cancer patients by attempting to use PD and a contrast agent to increase visualization of peripheral vessels on the edge of the node. The use of PD was a technologic advancement and provided a new technique to investigate the vascular anatomy that comprises a node. Work has continued with the use of PD as a new technique, but again it has been used descriptively or in combination with GS evaluation of the lymph node. 21, 22 FIG. 3. A normal axillary lymph node from a woman younger than age 50. Note the color Doppler display of both afferent and efferent vessels within the node. A very lowvelocity scale is needed to pick up this type of lymphatic flow.
FIG. 2.
Normal axillary lymph node from a woman younger than age 50. Note the smooth cortical contour and elliptical shape of the node displayed with gray-scale sonography.
SPECTRAL DOPPLER SONOGRAPHIC EVALUATION
In 2001, Shirakawa et al 23 investigated the use of a SD parameter that could be used for diagnostic purposes. The idea was to provide a guideline for assessing waveforms from lymph capillaries as an indication of metastases. Their work provided a clinical benchmark for nodes with a SD pulsatility index (PI) of 1.3 and a resistive index (RI) of .72 to predict malignancy in other nodes. The PI is calculated using a mathematical formula by Gosling, and RI is calculated using the Pourcelot formula. 24 A replication of their study was performed with a different patient population, and data supported the 1.3 PI benchmark. 25 These studies mark the beginning of using sonography to assess the flow on or around a lymph node to establish a clinical guideline. The problem with this work was the lack of statistical power and the descriptive information regarding age. Stavros 17 has suggested that the flow measured within a metastatic node is similar to the flow in the center of the primary tumor. He has also noted that the waveform is characterized by high systolic velocities, sharp systolic peaks, and relatively high impedance. Figures 4 and 5 demonstrate the normal flow patterns recorded with SD within a lymph node. Figure 6 demonstrates suspicious flow emanating from a node with high velocity and a high systolic component. It also shows how flow measurements can be taken from the spectral tracing to calculate a PI or RI.
MULTIPLE SONOGRAPHIC MEASURES (GS, CD, AND SD)
Investigators have also employed sonography to predict metastatic axillary lymph nodes by using multiple sonographic techniques in a complementary manner to increase sensitivity and specificity. Yang and Metreweli 26 advanced this area of research by being the first to evaluate all the sonographic techniques with their research patients. Their seminal study on breast cancer patients from Hong Kong was one of the first to employ both GS and CD to evaluate 81 patients' lymph nodes. They were able to correlate axillary nodal dissection to post a 79.5% sensitivity and a 94% specificity for GS. Using CD to evaluate their patients, they reported a 92.5%
FIG. 4. A normal axillary node is investigated with spectral
Doppler to record the vascular flow in an afferent vessel in the capsule of the lymph node. Note the lower value of the peak systolic velocity.
FIG. 5.
A normal axillary node is investigated with spectral Doppler to record the vascular flow in an efferent vessel exiting the lymph node. Note the lower value of the peak systolic velocity.
FIG. 6.
A suspicious efferent spectral Doppler tracing demonstrates a higher value of the peak systolic velocity (see Fig. 4 ). This has been suggested as a diagnostic sign of metastatic activity in the node. sensitivity and a 95.2% specificity, respectively. This study provided incentive for evaluating multiple sonographic techniques to evaluate the axilla, but the study fell short because of the unreported age of the patients recruited.
A Turkish study provided results on the accuracy of sonography to predict nodal metastases when combining techniques. In this study, the researchers recruited 59 patients whose age ranged from 14 to 75 years, with a median age of 51. 27 This study yielded a GS sensitivity of 92% and a specificity of 70%. They also reported a CD sensitivity of 89% and a specificity of 75%. After investigating the individual accuracy of the techniques, the researchers combined them to look for an increase in overall accuracy. Interestingly, the sensitivity was increased to 90%, but the specificity remained the same. The combination of sonographic techniques demonstrated promise, but the study was flawed by not specifying the ages of the patients examined. During this same time, a descriptive study was conducted that added a contrast agent to enhance visualization of vascular anatomy in and around the node with PD and CD. 28 This study demonstrated how contrast injections combined with PD images could rival CD in depicting the intranodal flow patterns in suspicious nodes.
The studies that followed were much more aggressive at using multiple sonographic techniques, such as GS tissue characteristics and Doppler assessment of isolated lymph nodes. This was more innovative when compared to previous work that had been conducted, but again, the intent was on creating an image of the node and its vascularity. The multiple techniques provided an evaluation of the node and the usefulness of the individual techniques. The studies that were conducted at the turn of the century were still plagued with low numbers of study participants and diverse ages of female participants, rendering the results difficult if not impossible to generalize. 29 Yang et al 30 continued to advance this area of study by being the first to use GS, CD, and SD to work toward predicting benign or malignant breast disease. 30 Their descriptive study recruited 135 women who ranged in age from 28 to 82 years. The study's results demonstrated that in all the patients examined, vascular flow detected with SD at the outer edge of the node (afferent vessels) was a strong predictor of nodal malignancy (P < .001). The GS diameter of the nodes and the central flow in the hilum were also statistically significant in predicting malignancy. Sixty-nine of the women in this study had 74 palpable axillary lymph nodes, and 66 women had 71 nonpalpable nodes. After taking gray-scale measurements of these nodes, the length of the longitudinal axis in benign and malignant nodes showed no significant differences. However, the mean measurements of the diameter of the transverse axis proved to be statistically significant in indicating metastases. This was an attempt to compute a longitudinal length/transverse diameter (L/D) ratio to create a quantitative means for evaluating geometric changes in suspected nodes. Their computed L/D ratio demonstrated that in malignant nodes, the ratio was 1.8 ± .6; in benign nodes, the ratio was 2.6 ± .8. The malignant nodes had a statistically significant lower ratio than benign nodes of .001. 30 This study sparked renewed interest in using sonography in multiple ways to develop a diagnostic standard. Figure 7 demonstrates the manner in which measurements are taken from a GS image to calculate an L/D ratio. Many of these investigations focused on recording vascular flow in nodes, regardless of their location. One example noted previously was the study performed by Shirakawa and his colleagues 23 from Japan. These investigators used GS, CD, and SD to interrogate 33 lymph nodes. The purpose of the study was to image the hilar vessels and record the flow with Doppler. The results of this study demonstrated that flow measurements taken from any vessel with a PI greater than 1.3 suggested malignancy. This study provided further evidence of the utility of the PI as a benchmark for diagnosis. One problem that plagued this study was that it was not specific to breast cancer because the nodes examined came from varied locations in the body. Regardless, this was the first study to establish an SD parameter and was replicated by others.
The continuation of using multiple techniques to improve the accuracy for the sonographic detection of metastatic disease expanded to include additional diagnostic tests. One such study involved using sonography-guided biopsy with GS assessment. 31 In addition, researchers incorporated PD as a new technique to bolster previous work that had been conducted with CD and SD. [32] [33] [34] The innovation of these studies was laudable, but the lack of statistical power limited their findings.
A unique study, conducted at Baylor College of Medicine, used abnormal mammograms to identify patients for sonographic examination with possible lymph node involvement. 35 This study provided some descriptive data on the accuracy of GS sonography to predict the involvement of lymph nodes in the breast cancers that were identified by the mammograms of 30 patients. Although it was a small descriptive study, 18 of the patients underwent biopsy, which provided pathologic confirmation of the accuracy of the sonographic measurements. The results demonstrated a sensitivity of 100%, a specificity of 50%, a positive predictive value of 50%, and a negative predictive value of 100% to confirm the researchers' accuracy. This technique for recruiting patients suspected of metastatic disease appeared very beneficial as a method for isolating prospective patients who might be at increased risk for metastatic extension within the axillary lymph nodes.
Of all the studies reviewed, the research conducted by Esen et al is the most complete and is very helpful in staging continued research. The study provided an evaluation of GS, CD, and a combination of techniques. It also focused on participants with an age range of 30 to 78, with a median age of 56.1. 36 This study further refined Yang et al's GS L/D ratio 30 by lowering the benchmark from 1.8 to 1.5 for malignant nodes. The sensitivity and specificity were 80.65% and 94.29%, respectively, for GS and 50.54% and 97.14%, respectively, for CD. Combining the two techniques improved both the sensitivity and specificity. This single study was the most rigorous and most applicable to older women's risk for breast cancer.
The need still exists for sonographic techniques to be used in combination to evaluate the morphology of axillary lymph nodes and to also pursue the investigation of the flow within lymph vessels traveling into and out of the node. Using CD, SD, and PD to gauge the vascular flow within lymph vessels feeding the node could be the key to predicting the movement of metastatic disease. Studies that have not been rigorous or specific as to age of the participants only provide descriptive information about the use of sonography as a noninvasive set of techniques. The studies that have been reviewed provided a range of results and few scientific examples that can be used to construct a reliable diagnostic standard for using sonography to evaluate the axillary lymph nodes. Table 1 depicts the strengths and weaknesses of studies in the published literature.
Conclusions and Recommendations
Multiple studies have shown that aging not only increases the risk for breast cancer but also has an effect on the axillary lymph nodes. 37 For these reasons, continued research should address aging changes that are naturally occurring with the lymph node, as well as metastatic changes in older women. Using these sonographic techniques to assess axillary nodal metastasis will have inherent challenges for the group of women who are at the greatest risk. Sonographic features of a lymph node from a woman in her mid-60s are shown in Figure 9 . The sonographic image demonstrates capsule and contour changes within the node.
The studies reviewed in this article have provided varied measures of sensitivity and specificity, which communicates a mixed level of confidence in using these sonographic techniques in the clinical setting. A rigorous study is needed that is specific for age so that researchers can begin to address which groups of women are at the highest risk for breast cancer with axillary extension. Future studies should seek to further define and validate the parameters that have been published, for the L/D ratio and also the volume of a node measured from a GS image. The SD indices of 1.3 PI and .72 RI should also be investigated for their relevance to women of different ages and ethnicities to determine the prevalence of axillary metastases. In addition, 3D reconstruction of lymph nodes could be explored as this technique has been advocated as a means to increase the diagnostic capability of the sonographic assessment of lymph nodes. 10 Figure 8 demonstrates a 3D rendering of an axillary lymph node with color Doppler applied to a woman in her mid-50s. The studies that have been reviewed have shown that diagnostically, it is problematic to use one single technique as a definitive test for axillary metastatic disease in older women. Ultimately, the goal for continued research should be to provide a diagnostic standard that facilitates the use of sonographic techniques in the evaluation of axillary lymph nodes for specific ages of women.
FIG. 8.
A 3D sonographic image of a lymph node from a woman in her mid-50s who had pain in the axillary area. Color Doppler also demonstrates the flow within the mediastinum of the node.
FIG. 9.
Gray-scale sonographic image of an axillary lymph node from a patient in her mid-60s. Note the asymmetric cortical thickening and rounded morphology of the node. These findings have been suggested as features that are diagnostic for metastatic disease, but aging changes may also create this same sonographic appearance.
